Recent studies have revealed that E3 ubiquitin ligases have essential functions in the establishment of neuronal circuits. Strikingly, a common emerging theme in these studies is that spatial organization of E3 ubiquitin ligases plays a critical role in the control of neuronal morphology and connectivity. E3 ubiquitin ligases localize to the nucleus, centrosome, Golgi apparatus, axon and dendrite cytoskeleton, and synapses in neurons. Localization of ubiquitin ligases within distinct subcellular compartments may facilitate neuronal responses to extrinsic cues and the ubiquitination of local substrates. Here, we review the functions of neuronal E3 ubiquitin ligases at distinct subcellular locales and explore how they regulate neuronal morphology and function in the nervous system.
Introduction
Ubiquitination is a key post-translational protein modification that allows dynamic regulation of cell function. Proteins covalently linked with the 76-aa protein ubiquitin are recognized by several cellular machineries including the proteasome, endosomal sorting complex, and DNA repair proteins [1] [2] [3] . Degradation of ubiquitinated proteins by the proteasome is tightly controlled and plays an essential role in diverse biological processes including cell proliferation, apoptosis, and differentiation [4] [5] [6] . In addition, ubiquitin may also act as a signal to regulate the localization of proteins, either by directing trafficking of the substrate or by recruiting other protein complexes to the site of ubiquitination [2, 3] . Ubiquitination is an ATPdependent reaction that requires three enzymes, a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3). E3 ubiquitin ligases provide substrate specificity for ubiquitin conjugation, and therefore numerous E3 ligases have evolved in multicellular organisms [7, 8] . By contrast, fewer E1s and E2s are engaged in ubiquitination [7, 8] .
Eukaryotes express two main groups of E3 ubiquitin ligases based on the presence of a RING or HECT domain [8] . More than 600 genes are predicted to encode RING finger proteins in the human genome [9] , which may provide a sizeable toolbox for precise control of cellular function. RING finger proteins are divided into subfamilies that include the Skp1/Cul1/F-box (SCF) protein complex, SCFlike complexes, and the anaphase-promoting complex (APC) [5, 10, 11] . These E3 ubiquitin ligase complexes are similar in composition, containing a scaffold, an adaptor, and a variable substrate-binding protein. The SCF and SCF-like E3 ubiquitin ligases contain variable cullin, RING, adaptor, and receptor proteins (Figure 1a,b) [12, 13] . The APC contains 13 subunits including the cullin-like scaffold protein Apc2, RING finger protein Apc11, and substrate recognition protein Cdh1 or Cdc20, which form a distinct APC complex, Cdh1-APC or Cdc20-APC (Figure 1c ) [11, 14] . HECT domain E3 ubiquitin ligases may be classified based on their structure into three groups, the Nedd4, Herc, and other HECT protein families (Figure 1d ) [15] . In contrast to RING finger E3 ubiquitin ligases, which stimulate transfer of ubiquitin from E2 enzymes to substrates, HECT domain E3 ubiquitin ligases form covalent intermediates with ubiquitin prior to transfer onto substrates [15] .
E3 ubiquitin ligases are increasingly recognized as key cell-intrinsic regulators of neuronal morphogenesis and connectivity [16, 17] . Although we are just beginning to appreciate the biological roles of a few E3 ligases in the nervous system, an important concept that has emerged from these studies is that their function is spatially organized in developing neurons. This feature of E3 ubiquitin ligases adds to the specificity of their function. Although spatial control presumably plays a critical role in all cells, the highly polarized morphology of neurons provides a unique opportunity to characterize the subcellular segregation of E3 ubiquitin ligase function.
Recent studies have revealed that different E3 ubiquitin ligases are localized to distinct subcellular compartments in neurons and play critical roles in specific aspects of neuronal morphogenesis and connectivity. The nucleus, centrosome, Golgi apparatus, axon and dendrite cytoskeleton, and synapse represent key locales for E3 ubiquitin ligase function in neurons. In this review, we summarize recent studies highlighting the functions of E3 ubiquitin ligases at these subcellular sites in the control of neuronal morphogenesis and synaptic connectivity.
Cdh1-APC and Cdc20-APC operate at distinct subcellular locales to regulate axon and dendrite morphogenesis A decade after its identification in the control of cell cycle progression, it was discovered that the APC has critical
